y




LA-UR -78-884 _'\ _

TITLE: STRUCTURE AND MECHANICAL PLKOPERTIES OF 41-A'_O_ VACUUM
DEPOSITED LAMINATES Xy

AUTHOR(S): K. Y. Springer and L, S, iatlett

SUBMITTED TOQ: International Confercnce on Metallurgpical
Coatings, tan I'rancisco, CA, April 3-7, 1978

By weceplance of thic article for publication, the
publisher recognizes the Government's (license) righta
in anv copyright und the Government and ‘s suthorized
representalives have unrestricted right to reproduce in
whule or in parl said artivlke under any copyright
< wecured by the publisher.

\

The Los Alamon Neleatific Laboratory requests that the
publisher identifs this article an work performed under
the anwnicss of the |w':lll)-\.

S

‘ MmN owLy

"ﬁ--l,... 0% -y

los alamos - T NOTLOES

sclientific laboratory *
of the University of Califernie O
LOS ALAMOS, NEW MEXICO 87848 Q-u.;::,. y EERETY § I US| '
P Yy - - - -

An Alliimative Action/Equal Opportunity Employer

Form No. A " .ll‘\.ll.lll':“ STATEN

Nt NI; s .Fln\"-h(l\ RESEARCH AND

b DEVETOPMENT ALMININTRATION
CONTHACT W TOENG. W

(o

PIETa s e e 1 INCTMITETS


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.
 
 For additional information or comments, contact: 
 
 Library Without Walls Project 
 Los Alamos National Laboratory Research Library
 Los Alamos, NM 87544 
 Phone: (505)667-4448 
 E-mail: lwwp@lanl.gov


Structure and Mechanical Properties of Al-Al 0 Vacuum
Deposited Laminates Xy

by

R. W. Springer and D. S. Catlett
Los Alamos Scientific Laboratory
Los Alamos, NM 87545

ABSTRACT

High yield strenygth materials can be fabricated by
many techniques. A method proposed by Koehler is to
alternate thin layers of a high shedr modulus material
with that of a low shear modulus material. The layers
must be less than one hundred atomic layers in thickness
and be single crystals of similar lattice spacing
epitaxialiy grown on top of each other. The mechanical
effect would be to inhibit dislocation formation and
-mobi11ty of dislocations through the solid. As such,
the stress required to move a dislocation through the
laminate can be on the order of one percent of the
lower modulus material.

A novel technique has been developed to produce a
Taminate of Al-A1 0 by a Pulsed Gas Process (PGP) in
an electron beam §u¥ system, Samples of 25 micro-meters
and thicker have been readily produced. The surface finish
of the growing deposit appears to remain as sr#eth as the
glass substrate. The tensile testing data show the material
to obey a Hall-Petch relation for yield strengths of
layer spacings of 50ni to 1200nM. The friction stress
was measured directly from a pure vapor depos1teg sample
at 27MPa. The K value was found tosve .086 MN/m“/2.
These results could also be interprcted in verms of a

, Sub=-grain strengthening concept.



I. Introduction

The ability to provide increased strength to materials has been

a subject of interest and study for many years. Modern metallurgical
analysis has permitted many of the mechanisms to be identified and
to allow a certain degree of quantification for calculation and
prediction purposes. Among the various mechanisms for strengthening
is that of precipitation hardening. The theory shows that the
precipitates produce a drag and impeding effect on the dislocation
movement, thus increasing the stress necessary to produce material
yleld. The relation governing this type of yield is the HaH-Petch1
type shown in Eq, (1), ng_; + Kd " W
The power of n is "=1/2 for this type of strengthening. The average
precipitate spacing is the value of d in the equation.
In addition to the precipitation hardening there are two
other forms, closely related to each other, which are grain boundry
and sub-grain hardening. Both of these mechanisms are prediafed
on the fact that dislocation movement is impeded at an interface such
as a grain boundary or a small tilt boundary within a grain itself.
The grain boundary or sub-grain structure may impede or stop the
movement of a dislocation but the material may still be subject to
a low yield stress. It has been suggested that the djslocation
which siopped at a hardened site or grain boundary, can cause a
new dislocation to be generated at the other side, or activate an
existing disldcation to move without actually penetrating the barrier.
Examples of the first type of strengthening mechanisms in vapor
deposited materials can be found in the work by McClanahan et 11.2
for procipitation hardening. Alloy targets were sputtered onto the
substrates that were subsequently heat treated to cause precipitation.
Grain boundary hardening was carried out by Merz and Dah1gren3 in
pure copper deposits. They obtained a very good fit to a Hall-Petch
relation with the power n equal to -1/2 in accordance with current
grain boundary theories.
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A theory proposed by Kbehler4 suggests a slightly different

approach to the material strengthening problem. The material is to
be composed of a lamellar structure of material A and material B.
The elastic constants of the two materials must differ by more

than a factor of two. The two materials should also have the same
crystal structure and lattice constants. Under these conditions,
material A 1s deposited as a single crystal to a layer thickness

of ~100 atom layers or less, followed by an epitaxial layer of

the second material to the same thickness and so on until a composite
material of macroscopic dimensions is produced. The single crystal
requirement is necessary to avoid the presence of any dislocations,
and the lattice constant requirement is to minimize the effect

of interfacial strain. With this structure, a dislocation must form
in a loop, since thére is no grain boundary or imperfection for the
dislocation to begin and end. The layer thickness is such that

the minimum size loop is not easily formed. Thus, only partial loops
may be formed. With these assumptions, Koehler calculates the 1line
energy and shear required to force a dislocation through the couple
from the lower modulus material to the higher'modqus material. The
result 1s shown in Eq. (2).

J (Jrac )

J e Mr3 e (2)
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Lehoczky5 shows that for a dislocation moving on a glide plane in

metal B to metal A, the minimum stress required for yield is given

by Eq. (3) for equal thickness layers,
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YA and YB'are the Young's moduli of the respective materials, while

the A and B are the shear moduli of the materials. By inserting

varfous material constants into Eq. (3), it can be seen that a

composite of very high yield strength could be produced.
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Numerous workers have made laminates in this fashion.
Pa'latnik6 made laminates of Ge and GaAs, Busch and Patten7 Tooked
at a variety of laminates including Be/Al, Lehoczky5 investigated
A1/Mg, A1/Cu and A1/Ag laminates including a few other systems.

The laminates produced by Busch et al. were all subject to premature
fracture and therefore yield strengthswerz inferred from hardness
data. Lehoczky was able to measure specimens and obtain yield and
ultimate tensile strength data. However, his data is somewhat
difficult to interpret as he measured the mechanical properties as

a function of constant stress rate rather than constant strain rate.

Under these conditions, perameters such as ductility could not be

investigated. In any case, the yield strengths were on the order of
the values computed from Eq. (3) for laminate thickness of less
than 50nM per layer.

Another laminate combination that would produce a high strength
material is A1/A1203. At least two problems in forming such a laminate
by electron beam gun evaporation would be encountered. First, a two
gun system is required. Secoundly, the possibility of electron stimulated
desorption of the oxygen from the A1203 compound wou;d produce a
defi¢ient oxide with an unpredictable stoichiometry.”~ However, recent
workg investigated the effect of gas interaction with aluminum de-
pos1ts condensed on room temperature substrates. In this study s1x e st®”
gases were admitted to the chamber. Of the Ha0y 0. No» Jﬁ"tuz and

CHys only H,O and nt.W1rA"Jhdh to have any significant interaction

- A e d deposit. The amount of oxygen found in the films followed

the relation of Eq. (4) over two orders of magnitude of pressure variation.
Rqi |
O/m = kz,ai (e)T)'R'%" (4)
4 ¢

The value k is a geometric factor to compensate for the difference in

the measured pressure and the true pressure at the substrate. Aiis the
sticking probability for the gas atoms as a function of coverage, © |,
and temperature (T). R91 is the flux of gas atoms to the substrate and
Rd is the flux of aluminum deposit to the substrate. It is thus apparent
that using gas to form the ATXOy layer, 1t 1s possible to precisely
control the oxygen content in the oxide layer. It is also possible then
to produce layers highly deficient in oxygen to fine tune the desired
mechanical properties of the laminate such as strength and ductility.



A, Experimental

Laminate composites of A]/A]xo have been prepared in an electron
beam gun deposition system. The system is all stainless steel and
pumped by a Balzers 400 1/s turbs-molecular pump. An ultimate pressure
of 1_4x1o'6 Pa i5 attainable with this system. The electron beam gun
system is a 14 KW Airco Temescal unit with a water cooled copper Super
hearth gun. The 5n's pure aluminum was deposited from the hearth with-
out the use of a liner at a rate of ~3.5 nm/s.

For long runs and high gas pressures, certain modifications in
the electron beam gun control circuitry were found to be advantageous.
Figure 1 shows schematically the changes implemented. During the electron
hear evaporation, positive ions are produced near the hearth by the
incident high energy electrons. These ions are then collected on a
negatively biased plate mounted on the electron beam gun. This current
is measured and compared with a control setting. The subsequent error
signal is amnlified and fed to the emission control power circuit. Thus.
the rate of deposit is maintained at a constant value thranctsui the
run. However, problems can arise as the,gas—fS'ﬁdibéa into the system
to form the oxide lqyer_in-thuc'iﬁé'gas may also be ionized by the
electwro -bzan and-fhese ions collected and measured by the sensor plate.
fﬁis artifact signal then causes the electron beam gun to shut down.
However, this difficulty is easily overcome. A fraction of the signal
from the ionization gauge, when in the 10'2Pa region, is also fed to
the current sensor. Thus, the effect of increased current due to the
ionization of the gas 1s compensated by the ionization qauge reading.

The gas is pulsed into the chamber using the scheme shown in
Figure 2. A high purity oxygen gas bottle 1s connected to a regulator,
with a variable leak valve connected between two solenoid valves. The
solenoid valves are connected to a relay driven by an oscillator
circuit.. The oscillator can be adjusted for cycle length as well as
the relative duty cycle for gas admission. In this fashion, both the
oxygen layer thickness, oxygen concentration and layer spacing are
independently adjustable.

The working curve for the gas operation is shown in Figure 3.

The data points shown are the uxygen to aluminum atomic ratios as
measured by Auger Electron Specuroscopy. The abscissa 1s the mass 32
current as measured by a quadrapole residual gas analyzer. The line



js a plot of Eq. (4) using literature values of the sticking co-
efficient of oxygen on aluminum. The only information that cannot

be obtained from this data is the instrument response to a spike of
gas pressure admitted to the operating chamber. The gas diffusion
plus reaction will cause the leading edge of the spike to be slightly
sloped in time, and the abjlity of the vacuum system to recover,
including the self-cleaning of the source, will cause a decay slope.
This response time of the system limits. the effective resolution of
deposit and layer spacing as will be seénein the data.

The mechanical specimens were mad:ﬂby Jepositing through a
"dog bone" shaped mask onto a giass lantern slide. FPrior to the
deposition of thc laminate, a thin layer of CsI-50nm thick was
gpaﬁiféd'é% a parting agent.' During the deposition of the laminate,
the mass 32 ion peak was plotted on a strip chart to record the
number of cycles, the frequency and the intensity of the oxygen signal.
The thickness of the specimens was measured both by a quartz crystal
monitor, which could also display the deposition rate, and by the film
step height using the syslus technique.

The samples were then "released" from the substrate by immersing
the slide into water. The mechanical specimens were then "floated" off
the glass, thoroughly rinsed and dried.

B. ‘Chemical Analysis

The cpecimens were analyzed for oxygen content utilizing Auger
Electron Spectroscopy and depth profiling techniques. The depth profiles
were obtained using Tailored Modulation Techniques (TMT)10 to eliminate
the’usual artifact for aluminum concentration found in dN/dE spectra
at oxide interfaces.11 A depth profile of both a 90nm spacing and
189nm spacing are shown in Figure 4. The oxyaen concentrc .ion in
the two profiles is roughly 5-10 atomic percent. So, the layers are
highly oxygen deficiznt. However, the necessary reasons for this will
be explained later in the machanical testing section.

Note in the profiles that the shapes of the oxygen layer are
regular but very much broader than the oxide layer on the outer surface.
Of particular importance is the shape and width of the peak in Figure 4a.
The oxygen shape in this layer is determined solely by the instrument
response to tne gas as this film was formed. The oxygen was "pulsad”
into the chamber. It is clear from this profile that the minimum

spacing of layers can only be ~50nM before sianificant interference of
the oxygen layers occur with the loss of metallic behavior in between.
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It);&ﬁ‘&g seen from the depth profile data that the material

can be layered using the Pulsed Gas Process (PGP). Also, it should
be observed that the concentration of oxygen and oxygen shape distri-
bution can be controlled and are extremely uniform. Another way of
observing the uniformity of the layering is shown in Figure 5.
Scanning Auger images of "metallic" aluminum and oxygen concentrations
a:2 shown in the sputtered area. Each ring represents a change in
film height of ~25nM. This effect is due to the Gaussian shape of the
sputter beam used for depth profiling.

Most of the specimens measured for stires.-strain values were depth
profiled. The layer spacings found from the Auger analysis were
found to be consistent with those recorded during the time of deposition.

C. Metallography

A 25 micrometer thick sample was mounted and polished. The
layer spacing of this sampie was “200nM. The oxygen concentration was
~5-10 atomic percent. The polished section revealed no structure under
the optical microscope. This is in sharp contrast to the pure aluminum
deposits also examined. The’' structure revealed in these deposits is
characteristic of a columnar structure consistent with the model of
Movchan and Demchischw‘n.12 Upon etching, the structure revealed is
shown in Figure 6. The one plate shows scanning electron microscopy
at norm?] incidence. The appearance of this plate is similar to gray
phases in a precipitate hardened sample. However, upon exanination
at 45°, it becomes apparent that the gray phases are in fact layers
of oxide thqt were not etched away. It is clear that the periodic
chemical changes in the sample have radically altered the structure of
the material into a lamellar construction.

X-ray diffraction on this sample also showed that there was
no preferred orientation. This is also in contrast to pure deposits
which show a preferred 111 orientation. The crystallite size in this
material must be in excess of 150 nM as no discernable broadening
of the X-ray lines over instrumental was observed.

In addition to the difference in crystal orientation and
structural changes, the surface morphology of the laminate is signi-
ficantly different. Fiqure 7 shows the surface of a 12 micron thick
laminate. The surface roughness of the pure aluminum has been recognized




by other workersn13

The most striking yYeature of the laminate is its
visual appearance. As the SEM plate shows, the surface is very smooth.
The foil appears as reflective on the growing side as the glass or
substrate side. This effect is reproduceable and appears to correlate
with laminate spacings of 200nM or less. For the larger spacing, the

growing side of the deposit begins to "roughen" as with the pure depos:ts.

D. Mechanical Properties

The stress-strain curves were obtained from two machines. One
was a commercial Instrcn. The other was specially constructed to
test the thin foil specimens. Figure 8 shows the schematic operation
of the second machine. Both machines were of the constant strain
rate type and data compared between the two was in good agreement.
The strain rate used was *5x10'5/s. The specimens averaged ~7-10 microns
thick, ~3mm wide and had a gauge length “2cm. The samples were glued
to stainless steel strips “1 cm wide by “~.13mm thick used as pull grips.

Table I shows the results of the mechanical testing. A1l the
yield strengths were measured at the .2% offset point. In the table
is shown the yield strength, ultimate tensile strength, elongation,
layer spacing and relative oxygen concentration. If a Hall-Petch
relation is obeyed, the data should fall on a straight 1ine on a log-
log plot of the yield strength versus the laminate spacing. Figure 9
shows such a plot. The data fit an experimental 1line of slope-1/2.
A replo% of the yield strass data versus a reduced axis of d']/zgives
Figure 10. Included in this plot is the yield strength for the pure
aluminum deposit. As can te seen from the plot, the< term from the
best experimental fit agrees very well with the yield stress measured
for pure aluminum samples.

E. Results and Discussion

The yield stress predicted by Eq. {3) is about 5.5 times larger
than the maximum yield stress experimentally measured. This discrepancy
is not at all surprising in light of the fact that the computation is
based on elastic perameters of pure alumina. The mechanical specimens
had reduced oxygen content to eliminate brittle fracture due to internal
stresses and to introduce ductility. Assuming that the 5-10 atomic
percent oxygen increased the elastic constant of that layer over pure
aluminum by about two times, one'computes 446 MPa or about the yield
strength of the 50 nM spaced specimen.




The material could be described in terms of a sub-grain hardening
rmechanism as well, The Hall-Petch coefficients match those of sub-grain
hardened aluminum better than grain boundary hardem’ng.,1 This assumption
would agree well with the x-ray diffraction data showing no line brvaden-
ing on lamallae spacing of 200 nm. In the sub-grain hardening theory,
the value of K in tq. (1) can be computed. However, the deteils and
mechanisms involved in such a computation is still the subject of
controversy. The general form of most of the results is shown in Eq. (5).1

Gh 86 ]'/z

- MG-MLTE (5)

Where G is the shear modu]us, b is tha Burgers vertor,¥is Poisson's
ratio and 8 is the angu]ar pile up of dislocations in the sub-grains.
For an angular mismatch of ~20° and a Burgers vector of one lattice
spacing, Eq. (5) yields a value of~., 09MN/m /2 which is extremely close
to the value measure in this experiment and others involving sub-grain
. hardeningo1

The mechanical properties compare favorably with electrodeposited
a]uminum14 dispersion hardened with alumina particles. The sintered and
pressed alloys made from the fine particles of aluminum are also high
in oxygen content. The laminate strengths are comparative to this class
ot XAP g]]oys.15

Conclusions

The PGP offers a chance to control many material perameters in
a precise and repetitive manner. The strength enhancement of aluminum
has been shown to be achieved by the altemation of oxidized layers
and metallic layers. The beoud sirength of the lavers, although not
measured, is thought to be very high as delamination was found to be
very rare and not observed in samples subjected to liquid nitrogen
temperatures cr elevated temperatures “300C. This is thought to be
due to the bond strength of the grown oxide.

The mechanical behavior of the mucerial is described by the
Hall-Petch relation with a friction stress of 27MPa and a K value
of ‘.085MN/m3/2. The ductility of the material appears to be inversely
related to the yield strength with the elongation ranging from “20%
to less than .2% for the strongest sample.



Some microleveling must be achieved during the layering process
as the usual surface roughness found on thick aluminum deposits was
suppressed. ,

In conclusion, the PGP can produce aluminum coatings showinyg
desirahle properties of controlled enhanced mechanical strength with
reduced to non-existent surface roughening effects.
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TABLE 1

1200 109 131 20
00 22 78 30

D (nM) Ys MPa UTs MPa € % ~0 atomic %/layer
50 408 408 .2 3

90 326 434 .5 8
110 262 300 5 7
132 265 293 2 10
144 252 265 4 5
144 234 272 7 5
189 245 286 2 7
206 252 312 10 —_—
245 250 312 .5 7-15
292 182 236 15 3
319 172 225 7 —
330 173 212 7 4
349 156 204 —_

0



Figqure Captions

1. The schematic of the rate control circuit is outlined.

The ions created by the electrons are collected and compared to
a reference signal. The difference is amplified and used to
control the depositon. A part of the ionization gauge sigual
is also fed into the controller to compensate for gas ions
created at the 10~2%pa pressure region.

2. The gas inlet system is shown in block diagram, The
oscillator is both cycle as well as prise width adjustable
to control the layer spacing and oxygen layer thickness.

3. The working curve for oxygen reactions with aluminum is
shown. The solid line is a calculation from Eq. (4) with

K 2.3, 87,03 and a depositon rate of 1.5nM/s. The pressure is
“lO'ZPa at 1078 amps of RGA current. The circles are the
oxygen to aluminum atumic ratios as measured by Auger Electron
Spectroscopy.

4, Two oxygen depth profiles are shown. The beginning of the
curves represent the relative thickness of the oxide layer at

the surface of the samples. Note the uniformity of the oxuen
spacing in both profiles. The total sputter time shown is about
80 minutes with “yu material removed. Trace A is for a

laminate spacing ~90nM. Curve B is for a laminate spacing “189nM.
Note that the resolution of the oxygen layer in this plot

degrade. with time due to the imperfect alignment of the sputter
beam with the electron beam,

5. A, An SEM type image of the Gaussian sputter crater reveals

a uniform ringed pattern. Each band corresponds to a change

in depth of ~25nM. B. An Oxygen Scanning Auger Micrograph (SAM)
shows the light bands in A to be the oxide layers. C. An aluminum
SAM un the "metallic" aluminum peak is complimentary to plate B

and corresponds to the dark bands in A,



6. Scanning clectron Microscopy of the edge of a polished
and etched sample is shown at two different angles. It is
very clear that layering has been achieved and the usual
columnar structure is gone. | |

7. The effect of layering by the PGP on the surface roughness is
seen in this pair of SEM micrographs. A is the surface of the
laminate and B is the rough surface of a pure deposit.- Both
samples are 12u thick.

8. A schematic block diagram of the speciz} tensometer is
illustrated. A ramp is generated, compared to the signal from

a differential transformer used as a strain gauge, The resultant
signal is fed to a power amplifier to drive the so]enoid.' The
total force that can be developed by this machine 1is 9.B8N.

9. A log-log plot of the yield stress versus the layer spacing
gives essentially a straight 1ine. The line has a slope~-1/2.

10. The yield stress and layer spacing are plotted on a linear
ordinate and reduced ahscissa. It is interesiig to note that
the experimental line intersects the yield stress for a pure
specimen. The equation gives the yield stress in MPa for 5-10
atomic percent oxygen in the oxide layer.
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